Abstract: This paper presents the results of a study carried out on a Scots pine stand, aged over 70 years, growing on ICP Forests land. The stand underwent late thinning, this being the last operation performed prior to complete felling, which will take place when the trees reach an age of approximately 100 years. The thinning, which reduced the basal area by 20%, caused a decrease in LAI by approximately 30% on average and an increase in the gap fraction by almost 50%. The thinning of the tree canopy increased by more than 40% the quantity of light reaching the lower levels of the tree stand and the soil. Comparison of the results for actual evapotranspiration and tree transpiration with potential evapotranspiration (T ETP -1 , EVT ETP -1
Introduction
Thinning is an important forest management operation carried out on a very large total area every year. In Poland it is performed annually on several hundred thousand hectares of forest (for example, in 2013 the State Forests National Forest Holding carried out thinning on a total of 440 000 ha; Anonim, 2013) .
Thinning is carried out to improve the conditions of tree growth by reducing competition between trees for access to nutrients, water and light, and by increasing the space occupied by individual trees (Martin-Benito et al., 2010). Reducing the number of trees also affects the trees' photosynthetic activity (Gershenson et al., 2009; Högberg, 2010) , root activity, and inputs of labile organic carbon (Kuzyakov, 2002; Zhu and Cheng, 2011) . This leads to higher incremental growth and improved growth efficiency (Valinger et al., 2000; Pukkala et al., 2002; Mäkinen and Isomäki, 2004) . Apart from its effect on tree growth, thinning also has a strong impact on the forest ecosystem. It increases the upper soil temperature and accelerates nitrogen mineralization (Thibodeau et al., 2000) , increases soil moisture (Davidson et al., 2006) , and makes trees more resistant to insect attack (Coyea and Margolis, 1994) .
It is of interest to consider the impact of thinning on soil water conditions, particularly when forest management operations are carried out in changing climatic conditions, particularly in case of soil drought. http The aim of this work was to determine how the thinning of an older stand of Scots pine (Pinus sylvestris L.) affected factors related to the water cycle in the ecosystem. An analysis was made of tree transpiration, the actual evapotranspiration of the ecosystem, leaf area index (LAI), light conditions, and soil water. It was also determined how thinning affects the time of soil water depletion.
Materials and methods

Description of the study area
The study was carried out in an area managed as part of the ICP , representing a 20% decrease. The trees removed were chiefly those which were the most weakly developed or were entirely shaded by the canopy.
The average annual temperature in 30 last years was 8.5 ºC and average precipitation achieved the about 560 mm according to IMGW data for the nearest meteorological station Warszawa-Okęcie, distant about 20 km from the research plot.
Water circulation conditions in the area are studied in accordance with the ICP Forests methodology (Raspe et al., 2010) . Measurements are made of soil moisture at depths of 10 cm, 25 cm, 50 cm and 85 cm in three soil profiles, and of throughfall. The soil moisture and throughfall are measured in 1 hour time interval. Soil retention properties were determined by plotting a pF curve (Table 1) , and the leaf area index was calculated using hemispherical photographs. Adjacent to the area is a weather station which measures meteorological parameters in an open space in 10 minutes time interval (radiation, precipitation, air temperature on 2.0 m, 0.5 m, 0.05 m, humidity on 2.0 m and 0.5 m, wind speed and direction). 
Evaporation
Evaporation was analysed in the periods from 1 May to 30 September in 2012 (before thinning) and in 2013 (after thinning) for days with complete measurement data on which soil water availability was unlimited (pF between 2.0 and 3.7) and there was no rainfall. Analysed pF was chosen in the 2.0-3.7 range to avoid the influence of the water seeping through the soil (pF < 2.0) and to exclude unavailable water to plants (pF > 3.7). Evaporation was determined by the following methods:
Actual evapotranspiration (EVT)
Based on measurements of soil moisture (θ TDR ) in 3 profiles (on 4 depths: 10 cm, 25 cm, 50 cm, 85 cm) the actual soil water supply (SWS) was determined. Daily water supply changes (ΔSWS) subject to the conditions: pF 2.0 < θ TDR < pF 3.7: precipitation = 0; ΔSWS < 0 determine the value of actual daily evapotranspiration.
Transpiration by pines
The transpiration of individual pines (T) was determined based on sap flow (F) measurement using a Thermal Dissipation Probe (Dynamax Inc.). Measurements were performed on three pines (Table 2), using 2 sensors per tree. Based on the measured rate of water flow in the tree stem (V), the computed white cross-sectional area (A sw ) and the area of the projection of the crowns of individual trees (A c ), the tree transpiration (T) was calculated: 
Potential evapotranspiration (ETP)
Calculation of the potential evapotranspiration makes it possible to determine how the meteorological conditions affect the process of evaporation. Potential evapotranspiration was computed by means of the Penman-Monteith formula (Allen et al., 1998 ).
Effect of drought -modelling
A criterion for determining the effect of thinning on the occurrence of soil drought was taken to be the time in which the trees deplete the supply of soil water in the useful http://www.aloki.hu . In the case of Scots pine, the mass of the small roots responsible for water uptake is mainly located in the upper soil layer (Janssens et al., 2002) . Changes in water supply were therefore analysed down to a soil depth of 0.25 m. The computed soil water supply in that layer was 43.4 mm. The trees' uptake of water was calculated using the Plant Water model, one of the group of Soil-PlantAtmosphere-Continuum models (Kowalik and Turner, 1983; Kowalik and Eckersten, 1984) . A detailed description of the model is contained in Kowalik et al. (1987) . In the Plant Water model, a plant is regarded as a water reservoir through which water flow takes place as a result of the loss of easily exchangeable water in the transpiration process (T, g m -2 s -1 ) and the inflow of water taken up by the roots (U, g m -2 s -1 ). The plant's water content (V) is given by the formula:
where V i is the plant's initial water content, and dτ is the time interval after which the changes are considered. The uptake of water through the root system (U) is calculated from the flowproducing gradient of potentials of leaf water ( l , MPa) and of soil water ( s , MPa), taking account of the resistances encountered by the flowing water, using the formula: ). Modelling was carried out for the months from April to September, applying the average meteorological parameters recorded at the weather station in those months ( Table 3) . 
LAI, gap fraction, light conditions
The leaf area index of the tree stand, the gap fraction, and the solar radiation below canopy were determined from hemispherical photographs, which were analysed using Hemiview software. The photographs were taken before and after thinning, during the period of maximum leaf area, at the same 10 points. During the 
Statistics
The distribution of EVT, ETP and T are non-normal. The significance of the differences in EVT, T, EVT ETP -1 , T ETP -1 and T EVT -1 before and after thinning was tested using Mann-Whitney test.
Results and discussion
Thinning leads to a reduction in the number of trees and the density of the canopy. Parameters providing a good description of a tree canopy are the leaf area index (LAI) and the gap fraction. The LAI is defined as the surface area of green leaves and needles per unit horizontal area of ground (Watson, 1947) . This parameter concerns the main surfaces on which carbon dioxide and water are exchanged between the upper layer of the crown and the atmosphere. It is also a key variable for the functioning of the ecosystem. Many processes taking place in forests depend on the LAI, including rain and light interception (Gash, 1979) Thinning which reduced the basal area by 20% caused a decrease in LAI by approximately 30% on average, and an increase in the gap fraction by almost 50% ( Table 4 ). The thinning of the canopy brought about an increase by more than 35% in the quantity of light reaching the lower layers of the trees and the soil. The persistence of the effects of canopy density reduction depends on the rate of crown growth. The growth of crowns to fill available space has been observed in the case of pine as well as other trees (Baldwin et al., 2000; Lockow, 2003) . However the incremental growth of the crowns is smaller in older trees than in younger ones. A study by Juodvalkis et al. (2005) showed that a very significant rise in the increment of crown volume can be achieved through thinning in the case of young trees -for example, those aged 10-20 years in the case of pines. For older trees, crown growth will fall to below 10%. It can therefore be expected that the increase in throughfall will persist for longer in the case of older trees, but with younger ones, because of the higher rate of crown growth, the effect will persist for a significantly shorter time.
Many researchers have reported that larger quantities of precipitation reaching the soil may be one of the chief factors behind the increase in the available soil water supply following thinning (Zahner and The present study of changes in transpiration in pines and in the evapotranspiration of the pine ecosystem indicates that these processes intensify following thinning (Fig.1) . Transpiration in the pines showed a statistically significant increase (p = 0.0012) of 41%, while actual evapotranspiration increased by 42%, which was again statistically significant (p = 0.00005). The ratio of the pines' transpiration to the evapotranspiration of the ecosystem (T EVT -1 ) was practically the same before and after thinning, amounting to 0.58 before thinning and 0.60 after (difference not statistically significant, p = 0.4547). The change in conditions following thinning had an equal effect on the transpiration of individual trees and on the evapotranspiration of the whole ecosystem ( Table 5 ). This finding also indicates the relatively low water requirements of the Scots pine. It is possible that the fact that the pines do not use up all of the water available at a given time is one of the main factors that have enabled that species to take hold in a wide range of forest habitats, from extremely dry to marshy. Comparison of the results with potential evapotranspiration (difference not statistically significant, p = 0.1199), which provides an analysis for similar meteorological conditions determining the evaporation process, shows that tree transpiration increased by 22% (the ratio T ETP -1 was 0.32 before and 0.39 after thinning; difference statistically significant, p = 0.0003). The reason for this may be the reduction in the density of the crowns, which entails not only an increase in the growth http://www.aloki.hu • ISSN 1589 1623 (Print) • ISSN 1785 0037 (Online) DOI: http://dx.doi.org/10.15666/aeer/1402_367379  2016, ALÖKI Kft., Budapest, Hungary space for individual trees, but possibly also the creation of improved conditions for transpiration. After thinning, a greater quantity of light reaches the crowns (Whitehead et al., 1984) , and the creation of space between the crowns favours better exchange of water vapour and its rising above the crowns. Ensuring increased accessibility of light to the tree crowns is one of the reasons for which thinning is carried out; the growth of trees is thus accelerated by creating better conditions for photosynthesis. At the same time, better conditions are created for tree transpiration. Evapotranspiration of the ecosystem showed a 35% increase following thinning (the ratio EVT ETP -1 was 0.48 before and 0.65 after thinning (difference statistically significant, p = 0.0005). In this case, the increase resulted partly from the higher tree transpiration, but another contributing factor may have been increased evapotranspiration of forest floor vegetation and the soil, as a result of the greater quantity of light reaching the forest floor. An increase in ecosystem evapotranspiration following a significant decrease in LAI was also observed by Knoche (2005) .
An increased quantity of light penetrating through the tree canopy, along with increased soil moisture, will stimulate the development of lower vegetation layers. Lüttschwager et al. (1999) note the great importance of the ground layers of vegetation for evapotranspiration in pine stands, as do Müller et al. (1998) . They showed that forest ground cover dominated by such species as Calamagrostis epigejos (L.) Roth and Deschampsia flexuosa (L.) Trin can, in favourable conditions, transpire up to almost 50% of the total water uptake of the forest ecosystem. A characteristic feature of these ground layer species is their high light requirement, hence a large reduction in the tree canopy may have a favourable effect on the occurrence and development of those species following thinning, which will lead to an increase in the total evapotranspiration of the forest ecosystem.
An important challenge faced by foresters in central Europe is the need to adapt tree stands to the effects of climate changes. It is projected that such changes will lead to warmer weather and lower rainfall during the vegetation period in central Europe (Degirmendžić et al., 2004; Briffa et al., 2009; Dubrovsky et al., 2009; ) . As a result, insufficiency of water in the environment will become more common, particularly in habitats with weak sandy soils with a deep groundwater level. Thinning, i.e. reducing the density of tree stands, may be a way of adapting the forest to the changing climate (Misson et al., 2003; Martin-Benito et al., 2010) . Whitehead et al. (1984) believe that thinning will reduce the susceptibility of tree stands to drought, by reducing interception and increasing the soil water supply. Similar conclusions have been reported by Aussenac and Granier (1988) and Gracia et al. (1999) . Thinning has been found to have a positive impact on drought stress in a study of 32-year-old black pines in Spain (Martin-Benito et al., 2010) and in 22-year-old spruce in the Belgian Ardennes (Misson et al., 2003) .
The modelling performed here for average meteorological conditions, neglecting the effect of thinning on microclimate, showed that the number of days on which the pines deplete the soil water supply to a state in which no water is available to plants is greatest at the start and at the end of the vegetation season. There is similar variation in the number of additional days of water availability following thinning. The effect of the reduction in tree density was greatest in September, when available water was present for 9 days longer than was the case prior to thinning. In the months with the highest levels of transpiration (May to August) the time for which available water was present increased by 2 or 3 days (Fig. 2) The relatively small change in the length of the period in which plant available water was present may be of great importance for the tree stand's survival in rainless periods. In particular, Lagergren and Lindroth (2002) showed that a decrease in available soil water content (SWC) greatly reduces transpiration in pines, and hence even a small increase in SWC will have a strong impact on a stand's transpiration ability.
However, the modelling of meteorological conditions does not take account of micrometeorological changes occurring in the tree stand after thinning. These changes will lead to an increase in tree transpiration and the evapotranspiration of the ecosystem, as described above. Therefore, in order to draw accurate conclusions, it is necessary to carry out a study within the tree stand itself, although this may be difficult in view of the very high variability of the meteorological conditions found within the stand.
Conclusions
Reducing the number of trees will lead to a decrease in transpiration, and consequently a decrease in the evapotranspiration of a forest ecosystem. However, this study has shown that thinning in fact causes an increase both in the transpiration of individual trees and in the actual evapotranspiration of the ecosystem. Although thinning reduces the total transpiring leaf area, the reduction in the density of the canopy creates better conditions for intensity of transpiration, by increasing the quantity of solar radiation reaching the tree crowns, and also facilitates the rising of water vapour above the crowns. due to the greater tree transpiration, but another factor may be the higher transpiration of forest floor vegetation and soil evaporation, caused by the greater quantity of light penetrating the tree canopy. The contribution of the transpiration of the Scots pine to the evapotranspiration of the ecosystem was at a similar level of around 0.60 both before and after thinning. A model-based study of the lengthening of the time in which soil water was available to plants showed that thinning produced a positive effect. It should be borne in mind, however, that the study was based on data from a weather station situated outside the forest. Thinning strongly modifies the micrometeorological conditions existing within a tree stand. Hence modelling based on data from standard weather stations may carry a certain degree of error.
